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Abstract 
One of the main challenges in Wireless Sensor and Actuator Networks (WSAN) is the delay caused by shared and non-
deterministic behavior of wireless communication medium. The Retry-Limit parameter of IEEE 802.11 standard can be used to 
control packet reliability, whereas other parameters mostly effect on the packet delay. In this paper, at first the delay-reliability 
trade-off in WSANs based on MIMO-Enabled IEEE 802.11 standard, utilizing Enhanced Distributed Channel Access (EDCA) at 
Medium Access Control (MAC) layer and Maximum Likelihood Spatial Multiplexing at PHYsical (PHY) Layer is studied. Then 
two simple adaptive schemes have been proposed to minimize packet delay while satisfying the required reliability at noisy 
factory environment. 
Keywords: Wireless Sensor and Actuator Network (WSAN); Multiple Input Multiple Output (MIMO); Spatial Multiplexing (SM); Reliability; 
IEEE 802.11; Retry-Limit 
1. Introduction
Wireless Technology has recently become an attractive choice for sensor networks, sensor and actuator networks
and factory automation systems due to its numerous advantages. Being reliable and real-time are the two most 
challenging requirements of these networks, which contradict with the nature of wireless communication medium. 
Wireless Local Area Network (WLAN) based on IEEE 802.11 standard [1] is one the most common and popular 
standards which has been used as the dominant technology in local wireless networks. One of the problems of using 
this standard for industrial applications, is the non-deterministic and long packet delays caused by Carrier Sense 
Multiple Access/Collision Avoidance (CSMA/CA) mechanism in Distributed Coordination Function (DCF) of 
Medium Access Control (MAC) layer. The Enhanced Distributed Channel Access (EDCA) mechanism has been 
introduced for Quality of Service (QoS) stations and improves the packet delay for certain applications through 
traffic prioritization. It defines 4 Access Categories (AC), which in the order of priority are: Voice (AC0), Video 
(AC1), Best Effort (AC2) and Background (AC3). The IEEE 802.11n amendment [2] was released in 2009, aiming 
to increase the throughput by utilizing Spatial Multiplexing (SM) scheme of Multiple Input Multiple Output 
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(MIMO) technology and some other modifications. Using a feedback from receiver to the transmitter, the Space-
Time Code (STC) and pre-coder are adopted to the channel situations with the target of maximizing data-rate while 
maintaining an acceptable packet error rate (PER). Packet delivery ratio, or reliability, is controlled by “Retry-
Limit” (RL) parameter of the standard. It is the maximum number of retransmissions allowed for a packet, if the 
previous transmissions are not successful. Increasing RL improves the system reliability, at the expense of higher 
packet delay and lower channel throughput. Application-dependent adaptation of RL has previously been studied in 
the literature [5]-[9]. 
In [10] we have proposed an adaptive scheme which minimizes packet delay, while providing reliability of 100%. 
But in most industrial applications (e.g. monitoring), this level of reliability is not required so it can be traded off 
with lower packet delay. In this paper, delay-reliability trade-off in IEEE 802.11 based Wireless Sensor and 
Actuator Networks (WSAN) has been studied and a simple adaptive scheme has been proposed to reduce the packet 
delay, while maintaining an acceptable Packet Loss Ratio (PLR). Due to random and independent nature of packet 
transmissions in each node, which is highly dependent on the network topology and application, carrying out a 
traffic-oriented theoretical analysis without making several simplifying assumptions is not an easy task [3]. As an 
alternative, we have chosen simulation approach in saturated traffic condition, which can provide better insights 
about delay and reliability upper bounds. 
This paper is organized as follows: In section II, an overview of the related work in adaptive retry-limit is 
provided. Section III presents the simulation scenario, simulation results and the proposed schemes. The paper is 
concluded in section IV. 
2. Related work 
EDCA has shown considerable improvement in IEEE 802.11 delay performance [4]. Ref [5] has studied the 
effect of retry-limit on packet delay and packet-loss probability for legacy IEEE 802.11 Distributed Coordination 
Function (DCF) with respect to the number of contending nodes and shows that average packet delay can be reduced 
at the expense of lower reliability, but EDCA mechanism and some important parameters like packet length and 
channel error are not considered. Ref. [6] has proposed a deadline-aware adaptive retry-limit mechanism for video 
streaming over IEEE 802.11 network. The packet time-stamp method is used to prevent outdated packet 
retransmission. This outperforms the conventional fixed retry-limit in terms of packet loss, channel utilization and 
video quality. But node density, packet length and channel error are not considered. An adaptive retry-limit protocol 
with the target of improving channel throughput and packet reliability for Mobile Ad Hoc Networks (MANET) has 
been introduced in [7]. This protocol only adapts Request-To-Send (RTS) packet retransmission limit with the cause 
of packet-loss, which can be packet-collision or routing failure and channel is assumed ideal. Ref. [8] has proposed 
an adaptive retry-limit scheme to improve the TCP throughput in different channel conditions. But node numbers 
and packet length are not studied. Ref [9] has proposed an adaptive retry-limit scheme to improve wireless industrial 
network performance, but only the effect of Packet Error Rate (PER) and number of system malfunctions are 
considered. In this paper, we have thoroughly analysed the effect of retry-limit adjustment on maximum and average 
packet delay, and delay jitter in Wireless Sensor and Actuator Networks (WSAN). Number of competing nodes, 
packet length (payload), Signal to Noise Ratio (SNR) and Packet Loss Ratio (PLR) are taken into account. Then two 
simple adaptive retry-limit schemes have been proposed. 
Table 1. IEEE802.11e Simulation Scenario 
Parameter Value 
Data Rate 1 Mbps (DBPSK Modulation) 
PHY Header 24 Bytes 
MAC Header 28 Bytes 
ACK packet size 14 Bytes 
Slot Time 20 μs 
SIFS 10 μs 
AIFSN 2 
CWmin [0   1] 7    15 
CWmax [0   1] 15  31 
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3. Delay and Packet –Loss-Ratio Trade-off 
3.1. Simulation Scenario 
x IEEE 802.11b with default EDCA parameters listed in Table I [1] has been chosen as PHY and MAC layers, 
except for AIFSN (Arbitration Interframe Space for access category N) which is considered the same for all 
AC’s, otherwise the lower priority AC channel utilization will be zero in saturated condition. 
x Data rate is considered the minimum value, i.e. 1Mbps due to better error performance at low SNR’s [10].  
x Transceivers have 2 Receive (Rx) and Transmit (Tx) antennas (2×2 MIMO). Maximum Likelihood (ML) 
Spatial Multiplexing (SM) receiver, with 2 spatial paths (SM order of 2) has been simulated [11]. 
x Packet data payload for monitoring and control applications is typically short. 8-64 bytes range is simulated. 
x Quasi-static flat fading Rayleigh multipath channel model is used; channel condition doesn’t change during 
each packet transmission time, and changes for the next.  
x Saturated traffic mode is considered: each node has 2 access categories which always have a packet waiting to 
be sent. Real-time traffic is mapped to AC0 and non-real-time traffic to AC1. Only real-time traffic delay and 
reliability properties have been studied. 
x Mesh topology with single-hop transmissions has been chosen; each node can send packet to all other nodes. 
Such configuration is typical in sensors and actuators connected to the same instrument in a factory. 
x Simulation has been done using MATLAB communications toolbox and M-file written by the authors. 
 
 
 
 
 
 
 
 
 
Fig. 1. Effect of SNR on packet delay and reliability of real-time traffic for 16 competing nodes (n) and 32-byte packet data payload, (a) average 
delay, (b) maximum delay, (c) delay jitter (standard deviation), and (d) packet loss ratio. 
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Fig. 2. Effect of Retrt-Limit (RL) on packet delay and reliability of real-time traffic for 16 competing nodes and 32-byte packet data payload. (a) 
average delay, (b) maximum delay, (c) delay jitter (standard deviation), and (d) packet loss ratio. 
3.2. Delay-Reliability Analysis 
Fig. 1 compares the effect of SNR on packet delay and reliability for different RL values and typical factory 
parameters (16 competing nodes and 32-byte packet payload). RL=1  (no retransmission) has the lowest delay, but 
the packet loss ratio is far beyond acceptable range for most applications in noisy (low SNR) conditions of factory 
automation systems. Increasing RL improves the reliability at the expense of higher packet delay. It is also noticed 
that delay jitter is rather high at low SNR’s, especially for high RL’s. 
Fig. 2 shows the effect of RL on delay and reliability. The curves have a logarithmic form. As can be seen in Fig. 
2a,b and c, there is a maximum RL for each SNR, above which the delay is not increased anymore. Fig. 2c shows 
that for maintaining an acceptable packet loss ratio, while minimizing packet delay, a proper RL adaptation should 
be used. 
Fig. 3a,b and c show that packet delay increases linearly with packet payload. But Fig. 3d indicates that packet 
payload has negligible effect on reliability. 
Fig. 4a,b and c show that number of competing nodes (node density) has an effect similar to packet payload, i.e. 
linear increase of packet delay, but with much higher slope. The higher the RL, the higher the slope will be. 
Interestingly, Fig. 4d also indicates that node density has negligible effect on reliability. 
3.3. Proposed Adaptive Scheme 
Previous section shows that if a maximum packet loss ratio limit must be satisfied, proper RL adaptation to the SNR 
can minimize the delay. Effect of packet payload and number of competing nodes can be neglected. On the other 
hand, if the target is to satisfy a maximum/average delay limit, RL should be adapted to both SNR and number of 
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Fig. 3. Effect of Packet Payload on packet delay and  reliability of real-time traffic for 16 competing nodes and 4-dB SNR. (a) average delay, (b) 
maximum delay, (c) delay jitter (standard deviation), and (d) packet loss ratio.  
 
competing nodes. Fig 3 indicates that for most practical industrial/monitoring applications, packet lengths effect can 
be neglected due to its low slope. So two adaptive schemes can be proposed in both of which, the receiver SNR is 
needed to be fed back to the transmitter.  
 
x Reliability Oriented Adaptive Retry-Limit: The RL is adapted to the receiver SNR according to a look-up 
table to minimize packet delay, while maintaining the required reliability (packet delivery ratio). 
 
x Delay Oriented Adaptive Retry-Limit: The RL is adapted to the receiver SNR and number of competing 
nodes according to a look-up table to minimize packet loss ratio, while maintaining the required 
average/maximum packet delay limit. Nodes should monitor their number of competing neighbours. This is 
usually a static or quasi-static parameter for each node because of the static nature of WSAN’s topology; 
most of the nodes (sensors/actuators) are not mobile, and are usually placed, in a cluster-way, around the 
device they monitor/control. By considering the condition that all nodes hear each other, this parameter will 
be a constant parameter for the network. 
4. Conclusion and future work 
Wireless Technology has recently become an attractive choice for sensor networks, sensor and actuator networks 
and factory automation systems due to its numerous advantages. Being reliable and real-time are the two most 
challenging requirements of these networks, which contradict with the nature of wireless communication medium. 
Adopting current wireless technologies and standards to industrial needs, and if not possible, developing new 
protocols is an emerging research field. In this paper, reliability-delay trade-off in MIMO-Enabled IEEE 802.11 
based wireless sensor and actuator networks has been thoroughly studied considering the effect of retry-limit, signal 
to noise ratio (SNR), number of competing nodes and packet length. Then two simple adaptive schemes have been 
proposed. Our future work includes trying to develop more advanced adaptive schemes to cope with both reliability 
and delay requirements at the same time and make wireless technology usable for more critical control applications. 
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Fig.  4. Effect of number of competing nodes (n) on packet delay and reliability of real-time traffic for 32-byte packet data payload and 4-dB 
SNR. (a) average delay, (b) maximum delay, (c) delay jitter (standard deviation), and (d) packet loss ratio. 
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